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Abstract of EP1 096577 

A method is provided for producing a thin-film 
photovoltaic device which has a rear electrode 
including a transparent conductive rear layer and 
a light-reflective metallic layer. In forming the 
light-reflective metallic layer, a first plasma region 
(Px) including fine particles of zinc oxide and a 
second plasma region (Py) including fine 
particles of silver are formed in a chamber (101) 
at a sputtering gas pressure of about 0.1 to about 
0.27 Pa. Then, the substrate (SUB) is passed 
over the first and second plasma regions (Px, Py) 
formed in the chamber (101) to form a bonding 
layer comprising the zinc oxide and a light- 
reflective metallic layer comprising the silver, 
thereby providing the rear electrode having the 
transparent conductive rear layer, the bonding 
layer and the light-reflective metallic layer. 
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(54) Method of producing a thin-film photovoltaic device 

(57) A method is provided for producing a thin-film 
photovoltaic device which has a rear electrode including 
a transparent conductive rear layer and a light- reflective 
metallic layer. In forming the light-reflective metallic 
layer, a first plasma region (Px) including fine particles 
of zinc oxide and a second plasma region (Py) including 
fine particles of silver are formed in a chamber (101) at 
a sputtering gas pressure of about 0.1 to about 0.27 Pa. 
Then, the substrate (SUB) is passed over the first and 
second plasma regions (Px, Py) formed in the chamber 
(101) to form a bonding layer comprising the zinc oxide 
and a light-reflective metallic layer comprising the silver, 
thereby providing the rear electrode having the trans- 
parent conductive rear layer, the bonding layer and the 
light-reflective metallic layer. 
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[0001] The present invention relates to a method of producing a thin-film photovoltaic device, and more particularly 
to a method of producing a thin-film photovoltaic device having a rear electrode excellent in strength of bonding with a 

5 photovoltaic conversion unit. 

[0002] Recently, thin-film photovoltaic devices having a semiconductor thin film as a photovoltaic conversion film, 
such as solar cells, have been developed briskly. Generally, such thin-film photovoltaic devices have, on an insulating 
substrate, a rear electrode, a thin-film photovoltaic conversion unit having a pin or nip junction structure and provided in 
front of the rear electrode, and a transparent front electrode provided in front of the photovoltaic conversion unit. These 

w thin-film photovoltaic devices have been expected to find applications in various fields such as optical sensors, in addi- 
tion to solar cells. 

[0003] Various improvements have been proposed to enhance the photovoltaic conversion amount of the thin-film 
photovoltaic devices. For example, it has been proposed to form the rear electrode from silver. Silver has a very high 
light-reflectivity. The light entering the photovoltaic conversion unit repeats reflection between the high light- reflectivity 
15 silver rear electrode and the transparent front electrode. The repeated reflection increases light absorption by the pho- 
tovoltaic conversion layer, thus enhancing the photovoltaic conversion amount. 

[0004] Further, a number of the photovoltaic devices have recently been proposed in which a transparent electri- 
cally conductive layer made of, e.g., zinc oxide (hereinafter referred to as transparent conductive rear layer) is disposed 
between a light-reflective metallic layer and a silicon-based photovoltaic conversion unit (see, for example, Jpn. Pat. 

20 Appln. KOKAI Publication No. 3-99477, and Jpn. Pat. Appin. KOKAI Publication No. 7-263731). By disposing the trans- 
parent conductive rear layer between the light-reflective metallic layer of the rear electrode and the photovoltaic conver- 
sion unit, the thermal strain, which may be caused by a difference in thermal expansion coefficient between them, is 
alleviated, and the diffusion of the metal atoms into the silicon-based photovoltaic conversion unit is prevented. As a 
result, not only the yield and reliability of the photovoltaic device products are increased, but also the optical sensitivity 

25 of the devices is enhanced, leading to improved photovoltaic characteristics. 

[0005] However, silver has an inferior bonding strength with respect to thin-film semiconductors and ceramics. The 
bonding strength of silver is not so great that silver can be practically used as the material of the rear electrode in the 
thin-film photovoltaic devices. As described above, if the transparent conductive rear layer is provided between the sil- 
ver rear electrode and the photovoltaic conversion unit, the bonding strength may be slightly increased. However, such 

30 an increase in the bonding strength is not practically sufficient at all, and still the above-noted effects, which the trans- 
parent conductive rear layer inherently has, cannot be utilized sufficiently. 

[0006] Accordingly, an object of the present invention is to provide a method of producing a thin-film photovoltaic 
device having a silver-based rear electrode excellent in bonding strength with respect to the transparent conductive rear 
layer. 

35 [0007] The present inventors have conducted extensive studies in an attempt to achieve the above-noted object, 
during which they have paid attention to a technique disclosed in Jpn. Pat. Appin. KOKAI Publication No. 8-107225 filed 
by the assignee of the present application. According to this technique, firstly, a transparent electrode layer, a thin-film 
semiconductor layer and a first transparent conductive metallic compound layer are successively formed on an insulat- 
ing transparent substrate. Then, the substrate is passed first over a first plasma region of transparent conductive metal- 

40 lie compound and then a second plasma region of metal, which are formed in a sputter chamber. As a result, a second 
transparent conductive metallic compound layer and a metal layer are formed on the first transparent conductive metal- 
lic compound layer. The first transparent conductive metallic compound layer and the metallic layer are bonded with 
each other firmly through the second transparent conductive metallic compound layer, thus forming an integral rear 
electrode. 

45 [0008] The present inventors have studied this technique, and found out that (1 ) if silver is selected as the material 
of the metal layer, zinc oxide is optimum as the material of the first transparent conductive metallic compound layer in 
view of bondability with silver, (2) zinc oxide is also optimum as the material of the second transparent conductive metal- 
lic compound layer which acts as a bonding layer, and (3) more importantly, a pressure inside the sputter chamber dur- 
ing forming the zinc oxide layer and the silver layer is closely related to the bonding strength between the zinc oxide 

so layer and the silver layer. The present invention is based on these findings. 

[0009] According to the present invention, there is provided a method of producing a thin-film photovoltaic device 
which has a rear electrode including a transparent conductive rear layer comprising zinc oxide, and a light-reflective 
metallic layer comprising silver and provided in the rear of the conductive rear layer. The method according to the inven- 
tion comprises the steps of forming, on a substrate, a transparent front electrode, a thin-film photovoltaic conversion unit 

55 provided in the rear of the front electrode, and the conductive rear layer provided in the rear of the photovoltaic conver- 
sion unit. In forming the light-reflective metallic layer, a first plasma region comprising fine particles of zinc oxide and a 
second plasma region comprising fine particles of silver are formed in a chamber at a sputtering gas pressure of about 
0.1 to about 0.27 Pa. Then, the substrate is passed over the first and second plasma regions formed in the chamber to 
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form a bonding layer compi^img the zinc oxide and a light- reflective metallic layer comprising the silver, thereby provid- 
ing the rear electrode comprising the transparent conductive rear layer, the bonding layer and the light-reflective metal- 
lic layer. 

[0010] Where a thin-film photovoltaic device having a thin-film photovoltaic conversion unit of a pin junction struc- 
5 ture is produced according to the present invention, the transparent front electrode, thin-film photovoltaic conversion 
unit and transparent conductive rear layer are formed successively on the substrate, and then the substrate is passed 
first over the first plasma region and then over the second plasma region to form the bonding layer and the light-reflec- 
tive metallic layer successively over the transparent conductive rear layer. 

[0011] Where a thin-film photovoltaic device having a thin-film photovoltaic conversion unit of a nip junction struc- 
w ture is produced according to the present invention, the substrate is passed first over the second plasma region arid 
then over the first plasma region to form the light-reflective metallic layer and the bonding layer on the substrate, and 
thereafter the transparent conductive rear layer, thin-film photovoltaic conversion unit and transparent front electrode 
are formed successively over the light-reflective metallic layer. 

[0012] Preferably, the first plasma region is formed by applying a discharge power to a zinc oxide sputter target 
15 which may contain a dopant, while the second plasma region is formed by applying a discharge power to a silver sputter 
target. In such a case, it is preferred that the power density of the discharge power applied to the zinc oxide sputter tar- 
get is about 0.1 to 4 W/cm 2 , and the power density of the discharge power applied to the silver target is about 1 to about 
20 W/cm 2 . 

[001 3] In the present invention, the first plasma region and the second plasma region may be formed such that they 
20 partially overlap each other to such an extent that the reflectivity of the light-reflective metallic layer formed at the sec- 
ond plasma region is not substantially decreased. 

[001 4] In a preferred embodiment, the zinc oxide-based transparent conductive rear layer is formed by sputtering a 
zinc oxide target at a temperature of 150°C or more and a sputtering gas pressure of 1 Pa or more. 
[0015] In another preferred embodiment, the thin-film photovoltaic conversion unit has an n-type semiconductor 
25 layer composed of silicon and containing phosphorus, as an impurity, in an amount of 2 to 8 atomic percent based on 
the silicon, and the transparent conductive rear layer is composed of zinc oxide and contains aluminum in an amount 
of 1 to 5% by weight. 

[0016] In this specification, the term "front" refers to a light incident side of the device, while the term "rear" refers 
to the opposite side of the device. Further, the terms "nip junction structure" and "pin junction structure" refer to the 

30 order of a p-type semiconductor layer, an i-type semiconductor layer and an n-type semiconductor layer from the sub- 
strate. More specifically, the nip junction structure is a structure having an n-type semiconductor layer, an i-type semi- 
conductor layer and a p-type semiconductor layer which are disposed in this order on the substrate. On the other hand, 
the pin junction structure is a structure having a p-type semiconductor layer, an i-type semiconductor layer and an n- 
type semiconductor layer in this order on the substrate. 

35 [0017] This summary of the invention does not necessarily describe all necessary features so that the invention 
may also be a sub-combination of these described features. 

[001 8] The invention can be more fully understood from the following detailed description when taken in conjunction 
with the accompanying drawings, in which: 

40 FIG. 1 is a schematic sectional view showing an example of a thin-film photovoltaic device produced according to 
a first embodiment of the present invention; 

FIG. 2 is a schematic sectional view showing an example of a thin-film photovoltaic device produced according to 
a second embodiment of the present invention; 

FIG. 3 is a schematic diagram showing an example of a sputtering apparatus which may be used for forming a rear 
45 electrode according to the present invention; 

FIG. 4 shows an l-V characteristic curve of a thin-film photovoltaic device produced in an Example of the present 
invention; and 

FIG. 5 shows an l-V characteristic curve of the thin-film photovoltaic device produced in another Example. 

so [0019] A first embodiment of the present invention concerns a method of producing a thin-film photovoltaic device 
provided with a thin-film photovoltaic conversion unit having a pin junction structure. FIG. 1 shows an example of the 
thin-film photovoltaic device 10 produced according to the first embodiment of the invention. This thin-film photovoltaic 
device 10 has, successively formed on an insulating substrate 11, a transparent front electrode 12, a thin-film photo- 
voltaic conversion unit 13 and a rear electrode 14. The thin-film photovoltaic conversion unit 13 is usually composed of 

55 non-single crystal semiconductor, particularly silicon. 

[0020] The substrate 1 1 may be formed of a transparent insulating material including a heat resistant plastic film 
such as polyethylene terephtalate (PET) or polyimide, ceramics, and a low melting cheap glass. Further, use may be 
made of a glass substrate whose surface is coated with silicon oxide (Si0 2 ) as an ion barrier film. 
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sctrode 12 is provided on the substrate 11. The transparent front electrode 12 is 
formed of a transparent electrically conductive material, particularly a transparent conductive oxide material, and may 
be of a single layer structure or multi-layer structure. Preferably, the transparent front electrode 12 is composed of a 
transparent conductive oxide selected from indium tin oxide (ITO), tin oxide (Sn0 2 ), zinc oxide (ZnO) and a mixture 
5 thereof, Of these, ITO is preferred in view of electrical conductivity and light transmission, while tin oxide is particularly 
preferred in view of light transmission and chemical stability. These transparent conductive oxide materials may be 
doped with fluorine. 

[0022] The transparent front electrode 1 2 can be formed by a vapor-phase deposition technique, well known per se 
in the art, such as vacuum deposition, CVD, or sputtering. 

10 [0023] Desirably, the transparent front electrode 12 has an uneven or jagged surface structure (textured surface 
structure) as shown in FIG. 1 , though it may have a flat or even surface. The vertical distance between the peak and the 
bottom in this uneven surface structure is desirably 10 to 100 nm. Preferably, the pitch of the peaks or bottoms is larger 
than the vertical distance between the peak and the bottom, but is at most 25 times the vertical distance. More prefer- 
ably, the pitch is 4 to 20 times the vertical distance. Specifically, the pitch is preferably 300 to 1000 nm. 

15 [0024] In this specification, the vertical distance between the peak and the bottom of the jagged or uneven surface 
refers to an average value of the distances in the vertical direction between the peaks and the bottoms, while the pitch 
refers to an average value of the distances between the adjacent two peaks or bottoms which appear in a period of 0.1 
to 5 |xm. This uneven surface structure may be determined by image processing of a TEM (transmission electron micro- 
scope) photograph of a cross section of the transparent front electrode 1 2, or surface observation and surface morphol- 

20 ogy measurement by means of an AFM (interatomic force microscope). 

[0025] The transparent front electrode 1 2 having such an uneven surface structure may be formed according to var- 
ious methods known per Se. For example, the uneven surface structure can be formed by imparting unevenness to the 
surface of the substrate 1 1 by, e.g., etching the substrate, and then forming a thin transparent front electrode 12 ther- 
eon. The surface of the transparent front electrode 12 will follow the uneven surface of the substrate 1 1 , thus becoming 

25 uneven. 

[0026] The thin-film photovoltaic conversion unit 13 is formed on the transparent front electrode 12. The thin-film 
photovoltaic conversion unit 13 includes a p-type semiconductor layer 131 , an i-type semiconductor layer (photovoltaic 
conversion layer) 132 and an n-type semiconductor layer 133. 

[0027] The p-type semiconductor layer 1 31 provided on the transparent front electrode 1 2 may be made of a p-type 

30 silicon-based semiconductor material doped with a p-type impurity such as boron or aluminum. The p-type semicon- 
ductor layer 131 may also be made of amorphous silicon, an alloy material such as amorphous silicon carbide or amor- 
phous silicon-germanium, or polycrystalline silicon or microcrystalline silicon partially containing amorphous silicon, or 
an alloy material thereof. If desired, the crystallinity or the carrier density by the conductivity type-determining impurity 
atom may be controlled by irradiating the deposited p-type semiconductor layer 131 with pulse laser beam. 

35 [0028] The i-type semiconductor layer (photovoltaic conversion layer) 132 formed on the p-type semiconductor 
layer 1 31 is composed of a substantially non-doped intrinsic semiconductor material, preferably a silicon-based semi- 
conductor material. The i-type semiconductor layer 132 may be provided by an amorphous silicon thin film, a polycrys- 
talline silicon thin film, a microcrystalline silicon thin film whose volumetric crystallinity is 80% or more, or a silicon- 
based thin film of weak p-type or weak n-type conductivity containing a minute amount of impurity but having a sufficient 

40 photovoltaic conversion function. However, the photovoltaic conversion layer 132 is not limited to these materials, and 
it may be composed of an alloy material such as silicon carbide or silicon-germanium. Such a photovoltaic conversion 
layer 132 has a thickness which allows necessary and sufficient photovoltaic conversion. For this purpose, the photo- 
voltaic conversion layer made of an amorphous silicon-based semiconductor material generally has a thickness of 0.3 
to 0.4 jim, while the photovoltaic conversion layer made of a crystalline silicon-based semiconductor material has a 

45 thickness of 0.5 to 20 jim. 

[0029] The n-type semiconductor 133 formed on the i-type semiconductor 132 may be made of an n-type silicon- 
based semiconductor material doped with an n-type impurity such as phosphorus or nitrogen. The material of the n- 
type semiconductor 133 may be amorphous silicon, an alloy material such as silicon carbide or amorphous silicon-ger- 
manium. Use may also be made of polycrystalline silicon or microcrystalline silicon partially containing amorphous sil- 

50 icon, or an alloy material thereof. In a preferred embodiment, the n-type semiconductor layer 133 is made of silicon and 
contains 2 to 8 atomic percent, more preferably 5 to 7 atomic percent of phosphorus, as an n-type impurity, based on 
the silicon. This amount of phosphorus is larger than conventional. It is preferable that the n-type semiconductor layer 
1 33 containing such a large amount of phosphorus be made of amorphous silicon containing microcrystals. The n-type 
amorphous silicon layer 133 doped with such a large amount of phosphorus may be formed by plasma CVD wherein 

55 silane (SiH 4 ) and phosphine (PH 3 ), for example, are supplied at a flow rate ratio of 100 : 2-8, preferably 100 : 5-7. 
[0030] All semiconductor layers included in the photovoltaic conversion unit 13 may be deposited by plasma CVD 
at a substrate temperature of 400°C or less, preferably at a substrate temperatures of 160°C to 240°C. As the plasma 
CVD, use may be made of a parallel-plate RF plasma CVD technique, and a plasma CVD technique using a high fre- 
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quency power source whos^frequency is from RF band of 150 MHz or less to VHF band, which are well known per se 
in the art. 

[0031] The rear electrode 14 is formed on the photovoltaic conversion unit 13. The rear electrode 14 includes a 
transparent conductive rear layer 141 comprising zinc oxide, a bonding layer 142 comprising zinc oxide and a light- 

5 reflective metallic layer 143 comprising silver. The zinc oxide-based transparent conductive rear layer 141 may contain 
a dopant such as aluminum. In a preferred embodiment, the zinc oxide transparent conductive rear layer 141 contains 
aluminum, as a dopant, in an amount of 1 to 5% by weight, more preferably 3 to 5% by weight. Preferably, the transpar- 
ent conductive rear layer 1 41 has a thickness of 1 0 nm to 1 urn and exhibits a resistivity of 1 .5 x 1 0' 3 Qcm or less, more 
preferably 6 x 10" 4 to 1 x 10' 3 Qcm. 

w [0032] The light-reflective metallic layer 143 can exhibit a high reflectivity of more than 95% with respect to light 
having a wavelength in the range of 500 to 1200 nm. 

[0033] The zinc oxide-based transparent conductive rear layer 141 provided on the photovoltaic conversion unit 13 
may be formed by a sputtering method, known pre Se, using a zinc oxide target which may contain a dopant such as 
aluminum. In a preferred embodiment, the zinc oxide target contains aluminum, as a dopant, in an amount of 1 to 5% 

15 by weight, more preferably 3 to 5% by weight. Sputtering this target forms the zinc oxide-based transparent conductive 
rear layer 141 containing aluminum in an amount of 1 to 5% by weight, more preferably 3 to 5% by weight. 
[0034] To produce the thin-film photovoltaic device 1 0 shown in FIG. 1 , the transparent front electrode 1 2, thin-film 
photovoltaic device 13 and the zinc oxide-based transparent conductive rear layer 14 are formed successively on the 
substrate 1 1 . Then, the zinc oxide-based bonding layer 142 and the silver-based reflective metallic layer 143 are formed 

20 successively by a method which will be described in detail below. 

[0035] In the photovoltaic device 1 0 provided with the photovoltaic conversion unit 1 3 having the pin junction struc- 
ture shown in FIG. 1 , light to be photovoltaically converted is incident upon the substrate side. 
[0036] A second embodiment of the present invention concerns a method of producing a thin-film photovoltaic 
device provided with a thin-film photovoltaic conversion unit having an nip junction structure. FIG. 2 shows an example 

25 of the thin-film photovoltaic device produced according to the second embodiment of the invention. This thin-film pho- 
tovoltaic device 20 has, successively formed on an insulating substrate 21 , a rear electrode 22, a thin-film photovoltaic 
conversion unit 23 and a transparent front electrode 24. 

[0037] The substrate 21 may be made of the same substrate material as the substrate 1 1 of the photovoltaic device 
10 shown in FIG. 1 . However, because the substrate 21 does not have to be transparent, it may be formed of metallic 

30 material such as stainless steel, surface-coated with an insulating layer. 

[0038] The rear electrode 22 formed on the substrate 21 corresponds to the rear electrode 14 in FIG. 1. The rear 
electrode 22 includes a light-reflective metallic layer 221 comprising silver formed on the substrate 21 , a bonding layer 
222 comprising zinc oxide formed thereon, and a transparent conductive layer 223 comprising zinc oxide formed on the 
bonding layer 222. The zinc oxide-based transparent conductive layer 223 may be formed in the same manner as for 

35 the zinc oxide-based transparent conductive layer 1 41 . 

[0039] Desirably, the rear electrode 22, particularly the light-reflective metallic layer 221 has an uneven or jagged 
surface structure (textured surface structure). The uneven surface structure of the light-reflective metallic layer 221 may 
be formed by processing the surface of the substrate 21 into an uneven surface structure by, e.g., etching the substrate, 
and then forming a light-reflective metallic layer 221 having such a small thickness that the uneven surface structure of 

40 the substrate is transferred to its surface by a method which will be described later. Alternatively, such an uneven sur- 
face structure may be obtained by depositing a transparent conductive layer (not shown) having an uneven surface 
structure on the substrate 21, and then forming a thin light-reflective metallic layer 221 having such a small thickness 
that the uneven surface structure of the transparent conductive layer is transferred to its surface by a method which will 
be described later. 

45 [0040] The vertical distance between the peak and the bottom in the uneven surface structure of the light-reflective 
metallic layer 221 is preferably in the range of 0.01 to 2 u,m, while the pitch of the peaks or bottoms is preferably larger 
than the vertical distance but is at most 25 times, more preferably 4 to 20 times the vertical distance. By using the light- 
reflective metallic layer 221 having such an uneven surface structure, a high performance photovoltaic device can be 
provided in which the optical confinement effect is enhanced, without accompanied by reductions in the open circuit 

so voltage and in the yield of the devices. The uneven surface structure may be measured by a TEM photography of a 
cross-section of the rear electrode 22, or by surface observation with an AFM, as described above. 
[0041] The thin-film photovoltaic conversion unit 23 formed on the rear electrode 22 has the same structure as the 
photovoltaic conversion unit 13 of the photovoltaic device 10 shown in FIG. 1, except that the disposition of the p-type 
semiconductor layer 131 and n-type semiconductor layer 133 is inverted. Thus, the photovoltaic conversion unit 23 

55 includes an n-type semiconductor layer 231 corresponding to the n-type semiconductor layer 133 in FIG. 1 , a thin-film 
photovoltaic conversion layer 232 corresponding to the photovoltaic conversion layer 132 in FIG. 1 and a p-type semi- 
conductor layer 233 corresponding to the p-type semiconductor layer 131 in FIG. 1. 

[0042] The transparent front electrode 24 formed on the photovoltaic conversion unit 23 corresponds to the trans- 
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parent front electrode 12 in FtaH , and may be formed of the same material according to the same method. 
[0043] Further, a comb-like metallic electrode (grid electrode) 25 is formed on the transparent front electrode 24. 
The grid electrode 25 is preferably formed of at least one metal selected from Al, Ag, Au, Cu and Pt, or an alloy thereof. 
[0044] To produce the thin-film photovoltaic device 20 shown in FIG. 2, firstly, the light-reflective metallic layer 221 
s and the bonding layer 222 are formed on the substrate 21 successively by a method which will be described in detail. 
Then, the zinc oxide-based transparent conductive rear layer 223, the thin-film photovoltaic conversion unit 23 and the 
transparent front electrode 24 are formed successively the above-noted methods. Thereafter, the grid electrode 25 is 
formed by a method known per se in the art. 

[0045] In the silicon-based thin-film photovoltaic device 20, light to be photovoltaically converted is incident upon 

w the transparent front electrode side. 

[0046] In order to form the silver-based light-reflective metallic layer 143 or 221 , and the bonding layer 142 or 222, 
which is interposed between the silver-based light-reflective metallic layer 143 or 221 and the transparent conductive 
rear layer 141 or 223 and which acts to bond them firmly, a first plasma region for forming zinc oxide and a second 
plasma region for forming silver are generated in a sputter chamber. After these plasma regions are formed, the prede- 

15 termined substrate is passed over the first plasma region and the second plasma region. As a result, the bonding layer 
comprising zinc oxide and the light-reflective metallic layer comprising silver are formed. In this way, the rear electrode 
is produced in which the transparent conductive rear layer and the light-reflective metallic layer are bonded with each 
other firmly, owing to the bonding layer intervening between them. 

[0047] In the present invention, the first and second plasma regions are formed in a sputter chamber within which 
20 a sputtering gas pressure is set at about 0.1 to about 0.27 Pa. By setting the inside of the sputter chamber at a sputter- 
ing gas pressure of 0.27 Pa or less, the bonding strength of the silver-based light-reflective metallic layer with the zinc 
oxide-based transparent conductive rear layer through the bonding layer is improved. As a result, the silver-based 
reflective metallic layer can exhibit such a superior bonding strength that it is not peeled from the zinc oxide-based 
transparent conductive rear layer, even after burning at a high temperature of as high as about 160°C for 3 hours. Fur- 
25 ther, by setting the inside of the sputter chamber at a sputtering gas pressure of 0.1 Pa or more, electric discharge dur- 
ing film formation is stabilized so that uniform films or layers can be produced. 

[0048] In the present invention, it is desirable that the first plasma region and the second plasma region are formed 
by applying discharge powers to the zinc oxide target which may contain a dopant such as aluminum, and to the silver 
target. In a preferred embodiment, the zinc oxide target contains, as a dopant, aluminum in an amount of 1 to 5% by 
30 weight, more preferably 3 to 5% by weight, as in the target for forming the transparent conductive rear layer noted 
above. The first and second plasma regions may be formed such that they partially overlap each other to such an extent 
that the reflectivity of the light-reflective metal formed at the second plasma region is not lowered. This overlapping of 
the plasma regions may further improve the bonding strength. 

[0049] Now, a method for forming the silver-based light-reflective metallic layer and the zinc oxide-based bonding 
35 layer will be described specifically with reference to FIG. 3. FIG. 3 schematically shows a magnetron type in-line sput- 
tering apparatus 100. In a sputter chamber 101 of the sputtering apparatus 100, two sputter targets, that is, a sputter 
target 102 (the zinc oxide target which may contain a dopant, or the silver target) and a sputter target 103 (the silver 
target if the target 102 is the zinc oxide target, or the zinc oxide target which may contain a dopant if the target 102 is 
the silver target) are disposed. One target 1 02 is connected to a grounded high-frequency power source 1 05, while the 
40 other target 103 is connected to another grounded high-frequency power source 106. A common opposing electrode 
1 04 is arranged such that it is arranged apart from, and opposes, the two targets 1 02 and 1 03. This opposing electrode 

104 is grounded. A vacuum pump 107 for evacuating the sputter chamber 101 is connected to the bottom wall of the 
sputter chamber 101 , while a gas inlet pipe 1 08 having a valve V is connected to the upper wall of the sputter chamber 
101. The gas inlet pipe 108 is connected to an inert gas (sputter gas) source (not shown). Needless to say, a magnet 

45 (not shown) is provided on the apparatus 1 00. 

[0050] To form the silver-based light-reflective metallic layer and the zinc oxide-based bonding layer, the sputter 
chamber 101 is evacuated by means of the vacuum pump 107 to a high vacuum of, e.g., about 8 x 10' 4 Pa. Then, the 
valve V is opened to introduce the sputtering gas, preferably argon gas (Ar), from the gas inlet pipe 108 to a sputter gas 
pressure of about 0.1 to about 0.27 Pa within the sputter chamber, and this pressure is maintained. 

so [0051] Then, predetermined high-frequency electric powers are supplied from the high frequency power sources 

105 and 106 to the two targets 102 and 103, respectively, so as to electrically discharge both the targets. The power 
density of the discharge power applied to the silver target is preferably about 1 to 20 W/cm 2 . On the other hand, the 
power density of the discharge power applied to the zinc oxide target is preferably 0.1 to 4 W/cm 2 . The bonding strength 
between the silver-based reflective metallic layer and the zinc oxide-based transparent conductive rear layer does not 

55 depend on the power densities of the discharge powers if the power densities are at least within the above-noted 
ranges, respectively. Further, the bonding strength does not depend on a substrate temperature if the substrate tem- 
perature is in the range of ambient temperature (20°C)to 50°C during the formation of the silver-based reflective metal- 
lic layer and the zinc oxide-based bonding layer. 
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[0052] When the two't^gets 1 02 and 1 03 are electrically discharged in this way, a plasma region Px containing fine 
particles of the material of the target 102 is formed on the target 102, while a plasma region Py containing fine particles 
of the material of the target 103 is formed on the target 103. As noted above, an overlapping region of these two plasma 
regions, i.e., a very weak plasma region may be formed in which the fine particles of both the materials in the two plas- 
5 mas are mingled. 

[0053] When a predetermined substrate SUB is moved from a substrate position A upstream of the target 102 to a 
substrate position D downstream of the target 103, a layer of the material of the target 102 and a layer of the material 
of the target 103 are continuously formed in succession. At this time, the material of the target 102 is deposited in the 
vicinity (substrate position B) of the target 102. Then, the substrate SUB is moved from the plasma region Px to the 
w plasma region Py. When the substrate SUB approaches the vicinity (substrate position C) of the target 1 03, a layer com- 
posed of substantially 100% of the material of the target 103 is formed. The substrate SUB can be moved with the sub- 
strate mounted on a holder or tray made of metal. 

[0054] If it is desired to produce a thin-film photovoltaic device having a photovoltaic conversion unit of a pin junction 
structure as shown in FIG. 1 , the substrate 1 1, on which the rear electrode 12, the photovoltaic conversion unit 13 and 

15 the transparent conductive rear layer 141 as shown in FIG. 1 have been formed, is used as the substrate SUB, and the 
zinc oxide target which may contain a dopant may be used as the sputter target 102 with the silver target used as the 
sputter target 103. Thus, the bonding layer 142 and the silver-based light-reflective metallic layer 143 are formed suc- 
cessively on the transparent conductive rear layer 141 , providing the desired thin-film photovoltaic device. A protective 
metallic layer made of, e.g., titanium or aluminum may be formed on the silver-based light-reflective metallic layer 143. 

20 [0055] If it is desired to produce a thin-film photovoltaic device having a photovoltaic conversion unit of a nip junction 
structure as shown in FIG. 2, the substrate 21 , as it is, is used as the substrate SUB. The silver target may be used as 
the sputter target 102 with the zinc oxide target which may contain a dopant used as the sputter target 103. Alterna- 
tively, the zinc oxide target may be used as the sputter target 102 with the silver target used as the sputter target 103. 
In this case, the substrate SUB may be moved in a direction opposite to the direction described above with reference 

25 to FIG. 3. Thus, the silver-based light-reflective metallic layer 221 and the bonding layer 222 are formed in this order on 
the substrate 21. Thereafter, the transparent conductive rear layer 223, the photovoltaic conversion unit 23 and the 
transparent front electrode 24 are formed as described above, and then the grid electrode 25 is formed, providing the 
desired thin-film photovoltaic device. 

[0056] In any case, the zinc oxide-based bonding layer is preferably formed to have a thickness of 1 nm to 1 00 nm, 
30 and the silver-based light-reflective metallic layer is preferably formed to have a thickness of 0.1 ^im to 0.5 ^im. More 
preferably, the zinc oxide-based bonding layer is formed to have a thickness of 3 nm to 30 nm, and the silver-based 
reflective metallic layer is formed to have a thickness of 0.2 ^m to 0.3 nm. 

[0057] The transparent conductive rear layer 141 or 223 may be formed using the same sputtering apparatus 100 
used for forming the bonding layer 142 or 222 and the light-reflective metallic layer 143 or 221. More specifically, for 

35 example, in the sputter chamber 1 01 in which the zinc oxide target 1 02 and the silver target 1 03 are disposed, a dis- 
charge power is applied to the zinc oxide target 102 alone to form the transparent conductive rear layer. Then, the sub- 
strate SUB is returned to the substrate position A, and the bonding layer and the light-reflective metallic layer may be 
formed by the above-described method. Alternatively, the power density of the discharge power applied to the zinc 
oxide target may be changed to a power density required for forming the bonding layer and the discharge power is 

40 applied to the silver target to form the bonding layer an then the light-reflective metallic layer as described above. Alter- 
natively, an additional zinc oxide target is provided, and one of the two zinc oxide targets may be used to form the bond- 
ing layer, and the other zinc oxide target may be used to form the transparent conductive rear layer. Meanwhile, the 
plasma region for forming the bonding layer may be formed with induced energy or parasitic discharge generated by 
the discharge power applied to the silver target to form the plasma region used for forming the reflective metallic layer. 

45 [0058] It is, however, preferred in the present invention to form the zinc oxide-based transparent conductive rear 
layer 1 41 or 223 by sputtering the zinc oxide target which may contain a dopant under conditions that the substrate tem- 
perature is 150°C or more and a sputtering gas pressure is 1 Pa or more (hereinafter referred to as specified tempera- 
ture/pressure conditions). The substrate temperature at which the sputtering is conducted is more preferably 160°C to 
240°C, and the sputtering gas pressure is more preferably 1 .3 to 2.5 Pa. Further, the power density of the discharge 

so power applied to the zinc oxide target is preferably 4.0 to 6.0 W/cm 2 . 

[0059] The C-axis of the crystal of the zinc oxide layer formed by sputtering under the specified temperature/pres- 
sure conditions is believed to be oriented uniformly and substantially perpendicular to the surface of the zinc oxide layer. 
It is noted that the crystal orientation of the zinc oxide crystal is known to depend on, particularly, a sputtering gas pres- 
sure (for example, Ar pressure), and the C-axis of the crystal of the zinc oxide layer is thought to be oriented perpen- 

55 dicular to the layer surface under a sputtering gas pressure of 1 Pa or more. A photovoltaic device having the zinc oxide 
layer whose crystal's C-axis is oriented perpendicular to the layer surface has excellent photovoltaic characteristics 
such as a fill factor (F.F.). In addition, when the zinc oxide layer, in which the C-axis is oriented perpendicular to the layer 
surface, is formed on the n-type semiconductor layer, no barrier or semiconductor junction is formed between the zinc 



7 



si, 



EP 1 096 577 A2 



oxide layer and the n-type semtecmductor layer so that an excellent ohmlc contact may be established. Therefore, the 
formation of the zinc oxide layer by sputtering under the specified temperature/pressure conditions is particularly suit- 
able for producing a photovoltaic device having a photovoltaic conversion unit of a pin junction structure. In this case, 
even if the photovoltaic conversion unit is formed at the desirable temperature noted above, i.e., at a substrate temper- 

5 ature of 1 60 to 240°C, the zinc oxide can be formed at a temperature of the substrate which maintains its heated state, 
contributing to an increase in productivity. The zinc oxide-based transparent conductive rear layer may be composed of 
two layers, i.e., a first layer formed in the heated state of the substrate, following the formation of the photovoltaic con- 
version unit, and a second layer formed after the formation of the first layer followed by cooling and washing. In this 
case, the formation of the zinc oxide layer under the specified temperature/pressure conditions is preferably applied to 

10 the formation of the first layer. 

[0060] The above-mentioned advantages attained when the zinc oxide-based transparent conductive rear layer 

1 41 or 223 is formed by sputtering under the specified temperature/pressure conditions can be obtained also on a pho- 
tovoltaic device produced without forming the bonding layer and the silver-based light-reflective metallic layer according 
the present invention, i.e., a photovoltaic device in which a light-reflective metallic layer is formed by a conventional 

15 method, or on a photovoltaic device in which the bonding layer is not formed. In that case, the light- reflective metallic 
layer may be made of gold, aluminum, copper, platinum or an alloy thereof, though the metallic layer is most preferably 
made of silver. 

[0061] Further, in the case where the n-type semiconductor layer 133 or 231 is made of silicon, particularly, amor- 
phous silicon containing microcrystalline silicon and contains phosphorus, as an n-type impurity, in an amount of 2 to 8 

20 atomic percent, more preferably 5 to 7 atomic percent, based on the silicon, as described above, and the transparent 
conductive rear layer is made of zinc oxide and contains aluminum, as a dopant, in an amount of 1 to 5% by weight, 
preferably 3 to 5% by weight, as described above (this case is hereinafter referred to as specified n-type silicon/zinc 
oxide combination), the electric resistance of the transparent conductive rear layer itself may be decreased, and the 
electric resistance across the n-type semiconductor layer and the transparent conductive rear layer can be reduced, 

25 thus making it possible to provide a photovoltaic device having improved photovoltaic characteristics. Meanwhile, these 
advantages derived from the specified n-type silicon/zinc oxide combination can be obtained also on a photovoltaic 
device produced without forming the bonding layer and the silver-based light-reflective metallic layer according to the 
present invention, i.e., a photovoltaic device in which a light-reflective metallic layer is formed by a conventional method, 
or on a photovoltaic device in which the bonding layer is not formed. In that case, the light-reflective metallic layer may 

30 be made of gold, aluminum, copper, platinum or an alloy thereof, though the metallic layer is most preferably made of 
silver. 

[0062] Now, the present invention will be described below by way of its Examples. However, the present invention 
should not be limited to those Examples. Examples 1 to 9, and Comparative Examples 1 to 6 
[0063] In these Examples, a thin-film photovoltaic device (solar cell) having a structure as shown in FIG. 1 was pro- 
35 duced as follows. 

[0064] A glass substrate coated with a 500 A-thick silicon oxide (Si0 2 ) film was used as an insulating transparent 
substrate 1 1 . On the silicon oxide film of the substrate 1 1 , silicon oxide (Si0 2 ) doped with fluorine was deposited to a 
thickness of about 8000A, forming a transparent front electrode 12. Note that the silicon oxide transparent front elec- 
trode 12 was formed to have a microscopically uneven (textured) surface structure. Then, a p-type amorphous silicon 

40 carbide hydride (a-SiC:H) 131 was formed to a thickness of 150A, an i-type amorphous silicon hydride (a-Si:H) 132 to 
a thickness of 4000A, and an n-type microcrystalline silicon hydride (uc-Si:H) 133 to a thickness of 500A, on the trans- 
parent front electrode 12 successively by plasma CVD, thus forming a thin-film photovoltaic conversion unit 13. 
[0065] Subsequently, the substrate SUB, on which up to the thin-film photovoltaic conversion unit 13 has been 
formed, was set at the substrate position A in the sputter chamber 1 01 of the magnetron type in-line sputtering appara- 

45 tus 1 00 as shown in FIG. 3. Then, the sputter chamber 1 01 was evacuated to 8 x 1 0* 4 Pa by means of the vacuum pump 
107. Thereafter, argon gas was introduced through the gas inlet pipe 108 to a pressure as indicated in Table 1 below 
within the chamber. Then, while the substrate SUB was moved, the zinc oxide target 102 (containing 5% by weight of 
aluminum as a dopant in the form of aluminum oxide (Al 2 0 3 )) was sputtered at a high-frequency power density of 0.8 
W/cm 2 to form a transparent conductive rear layer 141 having a thickness of 800A on the photovoltaic conversion unit 

50 13 (substrate position B). The distance between the ZnO target 1 02 and the substrate SUB was about 5 cm. Note that, 
although the silver target 1 03 was disposed near the zinc oxide target 1 02 in the sputtering apparatus 1 00 as shown in 
FIG. 3, the silver target 1 03 was not electrically discharged during the formation of the transparent conductive rear layer 
141. 

[0066] Next, the substrate SUB, in which the transparent conductive rear layer 141 has been formed, was returned 
55 to the substrate position A. Then, high frequency powers at densities shown in Table 1 were applied to the zinc oxide 
target 102 and silver target 103, respectively, to discharge both the targets. Thereafter, the substrate SUB set at a tem- 
perature shown in Table 1 was moved from the substrate position A to the substrate position D. Thus, the bonding layer 

142 and the light-reflective metallic layer 143 were formed successively. The thickness of the bonding layer was 30 nm, 
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while the thickness of theipit- reflective metallic layer 143 was 0.25 u.m. ' 

[0067] The photovoltaic device (solar cell) thus produced was investigated for the bonding strength of the rear elec- 
trode by an adhesive tape peeling test. Specifically, an adhesive tape (cellophane adhesive tape or gum tape) was 
applied on the substrate over the exposed surface of the substrate and the silver-based reflective metallic layers and 
5 then the tape was peeled from the glass substrate. The bonding strength was evaluated based on the following criteria. 

A: the silver-based light- reflective metallic layer was not peeled off even after it was allowed to stand at 160°. 
B: the silver-based reflective metallic layer was peeled off in the peeling test after heated at 160°C for three hours, 
though it was not peeled off in the cellophane adhesive tape peeling test just after it was formed. 
w C: the Silver-based reflective metallic layer was peeled off in the cellophane adhesive tape peeling test even just 
after it was formed. 



[0068] The results are shown also in Table 1 . 



15 

Table 1 



25 



30 



35 





Film Formation Conditions 


Pealing Test 

DpCI lit 




Ar Gas Pressure 
(Pa) 


Power Density 
(ZnO Target) 
(W/cm 2 ) 


Power Density 
(Ag Target) 
(W/cm 2 ) 


Substrate Temp. 




Ex. 1 


0.10 


3.9 


8.8 


Room Temp. 


A 


Ex. 2 


0.13 


3.9 


8.8 


Room Temp. 


A 


Ex. 3 


0.20 j 


3.9 


8.8 


Room Temp. 


A 


Ex.4 


0.27 


2.6 


7.3 


Room Temp. 


A 


Ex.5 


0.27 


1.1 


2.4 


Room Temp. 


A 


Ex.6 


0.27 


1.1 


2.4 


Room Temp. 


A 


Ex. 7 


0.27 


0.45 


1.0 


Room Temp. 


A 


Ex.8 


0.27 


0.40 


8.8 


Room Temp. 


A 


Ex.9 


0.27 


2.6 


7.3 


50°C 


A 


Comp. Ex. 1 


0.40 


2.6 


7.3 


50°C 


B 


Comp. Ex. 2 


0.53 


1.6 


4.7 


Room Temp, to 
80°C 


B 


Comp. Ex. 3 


0.67 


3.9 


7.3 


50°C 


C 


Comp. Ex. 4 


0.67 


1.9 


7.3 


50°C 


C 


Comp. Ex. 5 


0.67 


1.6 


7.3 


50°C 


C 


Comp. Ex. 6 


0.67 


3.0 


5.8 


50°C 


C 



[0069] As is evident from Table 1 , according to the present invention, a thin-film photovoltaic device can be pro- 
duced which has a rear electrode including a silver-based reflective metallic layer that is not peeled off even if it is 
heated to a high temperature. 

50 

Example I 



[0070] An amorphous silicon-based photovoltaic device having a structure shown in FIG. 1 , but having no bonding 
layer, was produced in the following manner. 
55 [0071] A transparent front electrode 12 composed of Sn0 2 was formed on a glass substrate 1 1 . An amorphous sil- 
icon-based photovoltaic conversion unit 1 3 including a p-type layer 1 31 , an i-type layer 1 32 and an n-type layer 1 33 was 
formed on the transparent front electrode 1 2 by plasma CVD. Of these layers, the n-type layer 133 was formed at a sub- 
strate temperature of 185°C by plasma CVD while supplying hydrogen-diluted SiH 4 and PH 3 at a flow rate ratio of 
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[0072] Subsequently, a 60 nm-thick zinc oxide layer (first zinc oxide layer) was formed on the photovoltaic conver- 
sion unit 13 without cooling the substrate. Specifically, the zinc oxide layer was formed by sputtering under the following 
conditions, using ZnO as a target. 

5 

Substrate temperature: 185°C 
Discharge power density: 4.0 W/cm 2 
Sputtering gas (Ar) pressure: 2.0 Pa 

10 [0073] Next, the substrate was cooled, and the surface of the zinc oxide layer was washed. Then, a second zinc 
oxide layer was formed by sputtering under the following conditions. 

Substrate temperature: 50°C 
Discharge power density: 4.0 W/cm 2 
15 Sputtering gas (Ar) pressure: 0.5 Pa 

[0074] The thickness of this second zinc oxide layer was 30 nm. Thus, a zinc oxide transparent conductive rear 
layer 141 having a total thickness of 90 nm was formed. 

[0075] Further, a metallic layer 1 42 made of Ag was formed by sputtering on the transparent conductive rear layer 
20 141, giving a rear electrode 14 comprised of the transparent conductive rear layer 141 and the metallic layer 142, pro- 
viding a photovoltaic device. 

[0076] The photovoltaic device thus produced was measured for its l-V characteristics, giving an excellent l-V curve 
as shown in FIG. 4. Further, the fill factor (FF) of a 1 cm-square cell of the device was found to be as high as 74.4%. 

25 Example II 

[0077] A photovoltaic device was produced in the same manner as in Example I, except that the first zinc oxide was 
formed at a sputtering gas pressure of 0.5 Pa. 

[0078] The photovoltaic device thus produced was measured for its l-V characteristics, giving an l-V curve as 
30 shown in FIG. 5. As is evident from the comparison between FIGS. 4 and 5, the l-V characteristics are superior on the 
device of Example I to on the device of Example II. Further, the FF of a 1 cm-square cell of the device prepared in 
Example II was found to be 63.8%. 

Example III 

35 

[0079] An amorphous silicon-based thin-film photovoltaic device having a structure shown in FIG. 1 , but having no 
bonding layer was produced as follows. 

[0080] First, a transparent front electrode 12 composed of Sn0 2 was formed on the glass substrate 1 1 . Then, an 
amorphous silicon-based photovoltaic conversion unit including a p-type layer 131, an i-type layer 132 and an n-type 

40 layer 133 was formed On the front electrode 12 by plasma CVD. Of these layers, the n-type layer 133 was formed by 
plasma CVD while supplying hydrogen -diluted SiH 4 and PH 3 at a flow rate ratio of 100:6. Then, a transparent conduc- 
tive rear layer 141 made of aluminum-doped zinc oxide was formed to a thickness of 90 nm on the photovoltaic conver- 
sion unit 13. Specifically, the transparent conductive rear layer 141 was formed by sputtering, using a zinc oxide target 
doped with 3% by weight of AI2O3. Further, a metallic layer 143 made of Ag was formed by sputtering, thus providing 

45 the photovoltaic device. 

[0081] The photovoltaic device thus prepared was found to exhibit a photovoltaic conversion efficiency of 10.8% 
when light of AM 1 .5 was projected thereon in a light amount of 1 00 mW/cm 2 . 

Example IV 

50 

[0082] The photovoltaic device was produced in the same manner as in Example III, except that the n-type layer 
1 33 was formed plasma CVD while supplying hydrogen-diluted SiH 4 and PH 3 at a flow rate ratio of 1 00: 1 and that a zinc 
oxide target doped with 2% by weight of Al 2 0 3 was used to form the transparent conductive rear layer 1 41 made of alu- 
minum-doped zinc oxide. 

55 [0083] The photovoltaic device thus prepared was found to exhibit a photovoltaic conversion efficiency of 1 0.2%, a 
value smaller than Example III, when light of AM 1.5 was projected thereon in a light amount of 100 mW/cm 2 . 
[0084] The comparison between Examples III and IV reveals that a thin-film photovoltaic device having improved 
photovoltaic characteristics can be obtained by reducing an interface resistance between the thin-film photovoltaic con- 
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version unit and transparerraonductive rear layer. 

[0085] From the above Examples, it may be readily understood by those skilled in the art that a photovoltaic device 
having more excellent photovoltaic characteristics can be obtained, if the formation of the bonding layer and the silver- 
based light-reflective metallic layer according to the present invention is combined with the formation of the transparent 
5 conductive rear layer under the specified temperature/pressure conditions and/or with the specified n-type silicon/zinc 
oxide combination. 

[0086] The present invention can be applied to so-called tandem type photovoltaic devices or integrated type pho- 
tovoltaic devices, in addition to the thin-film photovoltaic device having one pin junction structure or nip junction struc- 
ture noted above. 

w [0087] As described above, according to the present invention, there is provided a method that can produce a thin- 
film photovoltaic device provided with a rear electrode including a silver-based light-reflective metallic layer exhibiting 
an excellent bonding strength such that it is peeled even if heated to a high temperature. 
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Claims 



1. A method of producing a thin-film photovoltaic device having a rear electrode including a transparent conductive 
rear layer comprising zinc oxide, and a light-reflective metallic layer comprising silver and provided in the rear of the 
conductive rear layer, said method comprising the steps of forming, on a substrate, a transparent front electrode, a 
thin-film photovoltaic conversion unit provided in the rear of said front electrode, and said conductive rear layer pro- 
20 vided in the rear of said photovoltaic conversion unit; 

said method further comprising, in forming said light-reflective metallic layer, the steps of: 
forming a first plasma region comprising fine particles of zinc oxide and a second plasma region comprising 
fine particles of silver in a chamber at a sputtering gas pressure of about 0.1 to about 0.27 Pa; and 
25 passing the substrate over said first and second plasma regions formed in said chamber to form a bonding 

layer comprising the zinc oxide and a light- reflective metallic layer comprising the silver, thereby providing said 
rear electrode comprising said transparent conductive rear layer, said bonding layer and said light-reflective 
metallic layer. 

30 2. The method according to claim 1 , characterized in that said transparent front electrode, thin-film photovoltaic con- 
version unit and transparent conductive rear layer are formed successively on the substrate, and then said sub- 
strate is passed first over said first plasma region and then over said second plasma region to form said bonding 
layer and said light-reflective metallic layer successively over said transparent conductive rear layer. 

35 3. The method according to claim 1 or 2, wherein 

the substrate is passed first over said second plasma region and then over said first plasma region to form said 
light-reflective metallic layer and said bonding layer on the substrate, and then said transparent conductive rear 
layer, thin-film photovoltaic conversion unit and transparent front electrode are formed successively over said 
40 light-reflective metallic layer. 

4. The method according to any one of claims 1 to 3, characterized in that said first plasma region is formed by apply- 
ing a discharge power to a zinc oxide sputter target which may contain a dopant, and said second plasma region 
is formed by applying a discharge power to a silver sputter target. 

45 

5. The method according to claim 4, characterized in that the power density of said discharge power applied to said 
zinc oxide sputter target is about 0.1 to about 4 W/cm 2 , and the power density of the discharge power applied to 
said silver sputter target is about 1 to about 20 W/cm 2 . 

so 6. The method according to any one of claims 1 to 5, characterized in that said first plasma region and said second 
plasma region are formed such that they partially overlap each other. 

7. The method according to any one of claims 1 to 6, wherein said transparent conductive rear layer is formed by sput- 
tering a zinc oxide target, which may contain a dopant, at a substrate temperature of 1 50°C or more and a sputter- 

55 ing gas pressure of 1 Pa or more. 

8. The method according to claim 7, wherein the C-axis of the zinc oxide crystal of said transparent conductive rear 
layer is oriented substantially perpendicular to the surface of said transparent conductive rear layer. 
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# one of claims 1 to 8, wherein said photovoltaic conversion unit has an n-type semi- 
conductor layer comprising silicon and containing phosphorus, as an impurity, in an amount of 2 to 8 atomic percent 
based on said silicon, and said transparent conductive rear layer comprises zinc oxide and contains aluminum in 
an amount of 1 to 5% by weight. 

10. The method according to claim 9, characterized in that said n-type semiconductor layer comprises amorphous sil- 
icon including microcrystalline silicon. 
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